Quasi-one-dimensional (quasi-1D) ZnO nanowire arrays with hexagonal pattern have been successfully synthesized via the vapor transport process without any metal catalyst. By utilizing polystyrene microsphere self-assembled monolayer, sol-gel-derived ZnO thin films were used as the periodic nucleation sites for the growth of ZnO nanowires. High-quality quasi-1D ZnO nanowires were grown from nucleation sites, and the original hexagonal periodicity is well-preserved. According to the experimental results, the vapor transport solid condensation mechanism was proposed, in which the sol-gel-derived ZnO film acting as a seed layer for nucleation. This simple method provides a favorable way to form quasi-1D ZnO nanostructures applicable to diverse fields such as two-dimensional photonic crystal, nanolaser, sensor arrays, and other optoelectronic devices.
Background
Zinc oxide (ZnO) has attracted much interest for its promising application in piezoelectric nanogenerators, gas sensors, light-emitting diodes, field-emission displays, and solar cells. Owing to its wide band-gap (3.37 eV at room temperature) and large exciton bonding energy of approximately 60 meV, ZnO has been recognized as an excellent candidate for short wavelength optoelectronic devices. Furthermore, ZnO nanostructures have many promising applications, such as lasers, light-emitting devices, and field emitters. Accordingly, a low-dimensional ZnO nanostructure might be used in novel nanodevices. Quasi-one-dimensional (quasi-1D) ZnO is one of the most important functional nanostructures, exhibiting transparent conductivity, piezoelectricity, and nearultraviolet (UV) emission [1] [2] [3] .
The growth of ZnO nanowires with precise control of their alignment, distribution, and aspect ratio is highly desirable for their potential applications in sensor arrays, high-efficiency photonic devices, near-UV lasers, and for assembling complex three-dimensional nanoscale systems [4] [5] [6] [7] [8] [9] [10] . A straightforward approach for this purpose is to fabricate metal nanoparticles, which are used as catalyst templates for the subsequent vapor-liquid-solid (VLS) growth of patterned nanowires [11] . In the past few years, numbers of approaches have been proposed to obtain nanoscale metal catalysts for the fabrication of patterned ZnO nanowire arrays, such as electron beam lithography (EBL), soft-photolithography, and mask lithography by porous alumina, self-assembled micro-or nanospheres [12] [13] [14] [15] [16] [17] . EBL is known as a relatively complicated and costly method, thus unsuitable for largescale fabrication. In contrast, imprint and nanosphere lithography (NSL) tend to be more promising as they are less costly techniques with a much higher throughput. Recently, several groups have reported the largescale fabrication of ZnO nanowires using NSL technique [15] [16] [17] . However, the ZnO nanowires in these reports are either not nanopatterned or not truly vertically aligned. The limitation might result from the interconnection of the printed Au, un-optimized growth conditions and/or imperfect lattice matching between substrates and ZnO nanowires [15] [16] [17] . These drawbacks might hinder the consideration of such nanowire arrays from device applications. In addition, the VLS process is the most widely used technique for growing aligned ZnO, in which gold is the most frequently chosen metal catalyst [18] [19] [20] . However, as limited by the clean room requirements for silicon technology, gold is not the choice of metal for integrating with silicon. Therefore, it is important to explore a catalyst-free technique for ZnO nanowire growth.
In this paper, we report the catalyst-free synthesis of hexagonally patterned quasi-one-dimensional (quasi-1D) ZnO nanowire arrays with the assistance of NSL. The technique demonstrates an effective and economical bottom-up process for ZnO 1D nanostructures for applications as two-dimensional photonic crystals, sensor arrays, nanolaser arrays, and optoelectronic devices.
Methods
The whole fabrication process and growth mechanism are schematically illustrated in Figure 1 . First, aqueous solution of polystyrene (PS) nanospheres was diluted in methanol and spin-coated onto a silicon substrate. Afterward, the surface was covered with a ZnO film of approximately 200 nm thick via sol-gel process [21] . After the deposition, the film was inserted into a furnace and annealed in ambient atmosphere at 750°C for 1 h. By removing the PS spheres, a continuous hexagonal pattern was formed on the substrate. Growth of ZnO nanowires is performed inside a horizontal quartz tube. An alumina boat loaded with a mixture of ZnO + C (1:1) powder was placed at the center of the tube. Prior to heat treatment, the processing tube was evacuated to approximately 10 −3 Torr by a rotary pump to eliminate the residual air in the tube. The furnace was heated to 850°C at a rate of 20°C/min and held at this temperature for 10 min, while we maintain the pressure of the system at 10 Torr with a constant Ar gas flow rate. The furnace was then switched off and cooled down to room temperature.
The morphologies and crystal structures of the resulting ZnO materials were characterized using field-emission scanning electron microscope (SEM) (Hitachi S-4300, Hitachi Co., Tokyo, Japan) and X-ray diffractometer (XRD) (BEDE Scientific Inc., Centennial, CO, USA). The optical property was studied by photoluminescence (PL) measurement (Jobin Yvon Triax320, Horiba Ltd., Minami-ku, Kyoto, Japan). The 325-nm line of a He-Cd laser was used as an excitation light source for the PL measurement.
Results and discussions Figure 2a shows a typical SEM image of a PS nanosphere self-assembled monolayer on the substrate, indicating that a defectless region can be achieved. The ordering is reasonably good although point defects and stacking faults are observed in some areas, which may be produced by a variation in sphere size or process fluctuation. A closer examination presented in insert of Figure 2a shows perfectly ordered arrays. The self-assembled arrays of PS spheres were then used to guide ZnO growth onto substrate. For this purpose, sol-gel-derived ZnO thin films were spin-coated onto the self-assembled monolayer structure. According to previous studies, the annealing temperature of 750°C was chosen to be the post-thermal treatment parameter [21] . Due to the high liquidity of ZnO precursor, this technique produces a honeycomb-like hexagonal ZnO pattern, as shown in Figure 2b . It is clear that the honeycomb-like arrangement of the sol-gelderived ZnO pattern was preserved during the growth process. Figure 2c presents a tilted SEM image of the obtained quasi-1D ZnO nanowire arrays. The XRD spectra reveal that the ZnO films developed without the existence of secondary phases and clusters, and only the ZnO (002) diffraction plane is observed. The c-axis orientation in ZnO films might be due to a self-texturing mechanism as discussed by Jiang et al. [22] . The aligned ZnO nanowires were then grown using the pattern in a tube furnace at elevated temperature. A honeycomb-like pattern of dense and wellaligned ZnO nanowire arrays was produced as shown by the SEM image in Figure 2c . For a growth time of 10 min, the length of the ZnO nanowires was approximately 100 nm and their diameters ranged from 20 to 30 nm. Figure 3 curve b shows the XRD pattern of the patterned quasi-1D nanowire arrays. It was found that the results prior to and after the growth of nanowires show no significant difference. The fact that no additional peaks appearing in the XRD spectra strongly supports the good alignment of the ZnO nanowires along the hexagonal c-direction. As expected, the highly enhanced (002) peaks can be seen as a result of the vertical orientation of the ZnO nanowires. Shown in Figure 3c ,d are the electron diffraction pattern and high-resolution transmission electron microscope (HRTEM) images of annealed ZnO film and patterned ZnO nanowire, respectively. These results indicate a good crystallinity of the 1D ZnO nanowire, which is consistent with the XRD results. The HRTEM image also indicates the nanowires preferentially grow along the [002] direction (c-axis). This emphasizes the belief that the ZnO buffer layers are much more advantageous substrates for the fabrication of highly ordered ZnO nanostructures.
The PL spectra of the patterned ZnO nanowire arrays and buffers are illustrated in Figure 4 curves a and b, respectively. The emission consists of two main parts: a strong UV emission located at approximately 3.2 eV and a much weaker deep level (DL) related emission located at approximately 2.4 eV. According to the SEM measurements, the thickness of the buffer layer and the diameter of the nanowire are approximately 200 and approximately 50 nm, respectively. On average, the diameter is much larger than the exciton Bohr radius (approximately 2.34 nm) in bulk ZnO. Therefore, there is no significant blue shift according to the quantum confinement effect in the PL spectrum. Figure 4c reveals the variation of UV-to-DL emission intensity ratio (I UV /I DL ) of patterned quasi-1D ZnO nanowires and sol-gel-derived ZnO buffer layer. The high UV-to-DL emission intensity ratio (I UV /I DL approximately 30) and small FWHM (approximately 120 meV) of the UV peak confirm its high crystal and optical quality. The UV emission is attributed to the near-band-edge (NBE) exciton emission, and the DL emission is most commonly regarded as coming from the singly ionized oxygen vacancies or surface states. The intensity ratio of the NBE to the DL emission in quasi-1D nanowire arrays is larger than that of sol-gel-derived ZnO buffer layer, which indicates there are more oxygen vacancies for the sample grown at low temperature. This result agrees well with the prediction above. Based on the above experimental results, we found that the ZnO thin films with c-axis preferred orientation will provide nuclei sites for the further growth of the nanowires through self-catalyst process [23] . According to the low energy principle, the [0001] plane is the fastest growing crystallographic plane [24] . Therefore, ZnO nanowires are high c-axis orientation. In addition, density control of ZnO nanowire arrays is a valuable concern in the research of field-emitter and photovoltaic devices. In this study, the annealed sol-gel-derived ZnO thin films were used as substrates to fabricate ZnO nanowire arrays. Compared to those unannealed ZnO thin films, the density of nanowire arrays becomes larger and more homogeneous. Recently, Liao et al. also proposed that the residual stresses in the thin film and the density of the nanowire array are in inverse proportion, and will have potential applications in modifying the density of ZnO nanowire arrays [25] . The intensity ratio of the NBE to the DL emission in honeycomb-like nanowires is larger than sol-gel-derived films, which indicates there are more oxygen vacancies for the sample grown at low temperature. This result indicates the proposed simple method is cost-effective approach to fabricated quasi-1D ZnO nanostructures with high-quality optical property.
Conclusions
In summary, we have fabricated hexagonally patterned quasi-1D ZnO nanowire arrays through simple chemical methods. Instead of using metal catalyst, sol-gel-derived ZnO thin film was used as the periodic nucleation sites for nanowire growth with the aid of a PS nanosphere SAM. Structural and optical measurements demonstrate that the quasi-1D nanowires possess high quality. By observation of the process of ZnO nanowire growth, a vapor transport solid condensation mechanism was proposed, in which the role of ZnO thin film was to provide nucleation sites for nanowire growth. The technique is a self-catalyzed process that is entirely bottom-up and can be effectively scaled up to the fabrication of ZnO photonic crystal devices.
